Inflammasomes are multiprotein complexes that control the maturation and production of interleukin-1 family members and play crucial roles in host defense against pathogens. However, dysregulated activation of inflammasomes is associated with intense inflammation, leading to the development of inflammatory diseases. Therefore, inflammasomes must be activated at a proper strength to protect against infection and avoid tissue damage. Recent studies have highlighted the cross-talk between inflammasome activation and autophagy, the cellular machinery associated with the degra- This article is part of a series of reviews covering The IL-1 cytokine and receptor family appearing in Volume 281 of Immunological Reviews.
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TAKAHAMA eT Al.
The innate immune system induces inflammation after detection of pathogens to protect the host. 6 Pattern recognition receptors (PRRs) sense microbial components, such as lipopolysaccharide (LPS) and flagellin, and activate signal transduction pathways, leading to the activation of transcription factors, such as interferon regulatory factors and nuclear factor κB. These transcription factors induce the expression of inflammatory mediators, such as interferons and cytokines, including interleukin (IL) and tumor necrosis factor (TNF) family members. Although inflammation is essential for host defense, aberrant induction of inflammation often causes the development of inflammatory diseases, such as autoimmune and metabolic diseases. 7 Thus, the innate immune system is tightly regulated to prevent either insufficient or excessive inflammatory responses.
Accumulating evidence has shown that the intracellular degradation system is critically involved in controlling innate immune responses. Particularly, autophagy regulates innate immune responses mediated by PRRs such as Toll-like receptors, retinoic acid-inducible gene I-like receptors, cyclic guanosine monophosphate-adenosine monophosphate synthase, and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs). 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In this review, we describe advances in understanding inflammasome-mediated production of IL-1 family members by autophagy.
| AUTOPHAGY

| Autophagy proteins and their functions
Autophagic structures were primarily observed by electron microscopy since as early as the 1950s. However, the molecular machinery of autophagy was not discovered until much later. In the 1990s, genes that promote the formation of autophagosomes were discovered. [19] [20] [21] [22] [23] Currently, more than forty genes encoding autophagy-related proteins (ATG proteins) have been identified in S.
cerevisiae, among which more than fifteen are core genes essential for starvation-induced autophagy. Autophagy-related proteins are mostly conserved in other organisms including mammals, indicating that autophagy is an evolutionarily conserved process ( Figure 1 ).
Mammalian counterparts, such as ULK1/2 (mammalian ATG1), ATG3, ATG4A/B/C/D, ATG5, BECLIN1 (mammalian ATG6), ATG7, LC3A/B (mammalian ATG8), ATG9L1, ATG10, ATG12, ATG13, ATG14L, ATG16L1, FIP200 (mammalian ATG17), and WIPI1/2/3/4 (mammalian ATG18), have been identified. Mammalian core ATG proteins can be classified into 6 groups, which function in a hierarchical order:
ULK complex, ATG9L1, class III phosphatidylinositol (PtdIns) 3-kinase complex, ATG2-WIPI complex, ATG12 conjugation system, and LC3 conjugation system.
F I G U R E 1
Autophagy and autophagy-related proteins. A small portion of the cytoplasm, including soluble materials and organelles, is sequestered by an isolation membrane to form an autophagosome. The outer membrane of the autophagosome fuses with the lysosome, resulting in the formation of an autolysosome and the degradation of engulfed constituents. Autophagy plays important roles in the reuse of cellular components, elimination of unfavorable materials, and digestion of old organelles to maintain cellular homeostasis. These processes require the coordinated action of autophagy-related genes
The ULK complex (a serine-threonine kinase complex containing ULK1, ULK2, ATG13, ATG101, and FIP200) and ATG9L1 initiates the autophagy process. Both ULK complex and ATG9L1 are required for recruiting the autophagy-specific class III PtdIns 3-kinase complex. Under nutrient-rich conditions, mammalian target of rapamycin complex 1 (mTORC1) is associated with the ULK complex, resulting in the phosphorylation of ULK1 and ATG13 and suppression of autophagic activity. 24, 25 In response to starvation, mTORC1 is disassociated from the ULK complex, leading to the initiation of autophagosome formation.
Although most ATG proteins are cytosolic, mammalian ATG9L1 is a transmembrane protein. Under nutrient-rich conditions, ATG9L1 cycles between the trans-Golgi network and recycling endosomes. 26 In response to starvation, ATG9L1 interacts with p38IP, leading to its translocation to phagophores. 27 The motility of ATG9L1 through recycling endosomes plays an important role in autophagosome formation.
28,29
The autophagy-specific PtdIns 3-kinase complex (known as the ATG14L complex) contains ATG14L, VPS34 (catalytic subunit), BECLIN1, and VPS15. [30] [31] [32] and ATG10 (E2-like enzyme). 37, 38 ATG16L1 recruits the ATG12-ATG5 conjugate into the isolation membrane. 39 The ATG12-ATG5-ATG16L1 complex itself functions as an E3-like enzyme in the ATG8 conjugation system, which couples mammalian orthologs of ATG8 (hereafter LC3), such as LC3A, LC3B, and LC3C, to phosphatidylethanolamine (PE) at the isolation membrane. 40 LC3 is processed by the protease ATG4 to liberate a C-terminal glycine residue, and is conjugated to PE by ATG7 (E1-like enzyme), ATG3 (E2-like enzyme), and ATG5-ATG12-ATG16L1 complex (E3-like enzyme). It is thought that LC3-PE mediates the tethering and hemifusion of membranes to form autophagosomes. [41] [42] [43] Upon completion of autophagosome formation, ATG4 cleaves LC3 from the autophagosomal membrane, allowing the dissociation of the ATG16L1 complex. Next, the autophagosome fuses with lysosomes in a Rab7-and STX17-dependent manner. 44 After fusion, lysosomal hydrolases degrade autophagosome cargo and the inner autophagosomal membrane.
In mice, ATG3, ATG5, ATG7, or ATG16L1 deficiency causes poor nutrition and energy depletion, leading to death shortly after birth. 11, 41, 45, 46 In contrast, loss of FIP200 or BECLIN1 leads to early embryonic lethality. 47, 48 These differences indicate that autophagyrelated proteins have additional functions beyond simply inducing autophagosome formation.
| Selective degradation of p62
Autophagy was long considered to be a non-specific bulk degradation 
| Selective degradation of intracellular pathogens
Xenophagy is an autophagy process that eliminates invading pathogens ( Figure 2 ). Recent studies have shown that xenophagy is a host defense system against intracellular bacteria, such as group A
Streptococcus, Mycobacterium bovis, Mycobacterium tuberculosis,
Shigella flexneri, Salmonella enterica, and Listeria monocytogenes in non-phagocytic cells. [68] [69] [70] [71] [72] The initial event of xenophagy is ubiquitination of proteins on pathogen-containing phagosomes. p62 and other adapter proteins, such as NDP52 73 and optineurin 74, 75 bind to ubiquitinated proteins and recruit autophagy machinery to induce autophagosome formation. NDP52 also interacts with galectin-8, a β-galactose-binding lectin. 76 When phagosomal membranes are ruptured by pathogens, the β-galactose chain in the lumen of phagosomes becomes accessible to cytosolic galectin-8 and NDP52, resulting in the induction of xenophagy.
| INFLAMMASOMES AND AUTOPHAGY
| Overview of inflammasome
Inflammasomes are cytosolic multiprotein complexes that induce inflammatory cytokine production after sensing invading patho- cause cryopyrin-associated periodic syndrome, which is a hereditary autoinflammatory syndrome characterized by IL-1β-mediated systemic inflammation. [79] [80] [81] The NLRP3-inflammasome responds F I G U R E 2 Autophagy degrades damaged organelles. Membranes of damaged mitochondria or damaged phagosomes containing crystals or bacteria are ubiquitinated, which recruits adapter proteins, such as p62, NDP52, and optineurin. On damaged vacuoles, galectin-8 is recruited to β-galactose chains and induces autophagosome formation via NDP52. Adapter proteins also recruit autophagy-related genes to induce autophagosome formation near the damaged organelles. Next, the damaged organelles are sequestered and degraded to a diverse set of microbes, which include several bacterial, viral, fungal, and protozoan pathogens. The NLRP3-inflammasome also responds to ATP and particulate matters, which include uric acid crystals, serum amyloid A, silica, asbestos, and alum. The diversity of inducers is a unique feature of the NLRP3 inflammasome.
Because the NLRP3-inflammasome responds to a common secondary cellular event triggered by these inducers, the NLRP3-inflammasome can sense a very wide range of stimuli. Autophagy deficiency causes accumulation of damaged mitochondria, resulting in enhanced ROS generation, mitochondrial DNA release, and NLRP3-ASC assembly. 82, 90, 104, 105 Thus, the degradation of damaged mitochondria by autophagy prevents excess production of IL-1β mediated by the NLRP3-inflammasome. 82, 90, 106 Because autophagy can eliminate damaged phagolysosomes and ER, autophagy may contribute to the suppression of the NLRP3-inflammasome by sequestering and eliminating these organelles. tophagy targets IL-1β for lysosomal degradation. 110 These findings suggest that autophagy suppresses multiple steps of inflammasome activation to limit aberrant inflammation.
| Autophagic degradation of ASC and IL-1β
| Autophagy-mediated unconventional secretion
Under nutrient-rich conditions, autophagy limits inflammasomemediated inflammation. However, under nutrient-starved conditions, autophagy contributes to the unconventional secretion of IL-1β.
Under nutrient-starved conditions, loss of ATG5 in macrophages reduces the secretion of IL-1β in response to nigericin, an inducer of the NLRP3 inflammasome. 111 Membrane traffic regulators, such as Golgi reassembly stacking protein and RAB8A, also drive secretion of IL-1β.
Furthermore, TRIM16 recognizes secretory autophagy cargo containing IL-1β and interacts with SEC22B. 112 SEC22B forms complexes with syntaxin3 and syntaxin4 at the plasma membrane, resulting in the release of secretory autophagy cargo. In contrast, other studies showed that autophagy suppresses the production of IL-1β under nutrient-starved conditions. 109 The differences in conditions responsible for these apparent discrepancies require further analysis.
| INFLAMMATORY DISEASES AND AUTOPHAGY DEFICIENCY
| Intestinal inflammation and autophagy deficiency
Genome-wide association studies have identified single-nucleotide polymorphisms in the gene encoding ATG16L1 as susceptibility loci for
Crohn's disease, a chronic inflammatory disease of the intestine. 
F I G U R E 3
Autophagy suppresses NLRP3-inflammasome activation. Phagocytosis of crystals, such as monosodium urate and cholesterol crystals, leads to phagosomal rupture, which results in mitochondrial damage. ATP released from dying cells stimulates P2X7R and causes mitochondrial damage. Damaged mitochondria release ROS, resulting in the activation of the NLRP3-inflammasome. Damaged mitochondria also release mitochondrial DNA, a ligand for the NLRP3-inflammasome. Parkin, an E3 ubiquitin ligase, is recruited into damaged mitochondria. Subsequently, Parkin ubiquitinates proteins on the outer mitochondrial membrane. Adapter protein p62 detects ubiquitinated mitochondrial proteins and promotes autophagy to eliminate damaged mitochondria. The elimination of damaged mitochondria by selective autophagy suppresses the excess production of ROS and mitochondrial DNA, preventing the aberrant activation of the NLRP3-inflammasome
The IL-10-IL-10 receptor axis plays a crucial role in the maintenance of intestinal homeostasis. Genetic studies have shown that polymorphisms in IL10 are associated with the susceptibility to inflammatory bowel disease, including ulcerative colitis and Crohn's disease. 122, 123 Furthermore, loss of either IL-10 or IL-10 receptor in mice and humans causes severe intestinal inflammation. [124] [125] [126] [127] A recent study showed that the induction of DDIT4 by IL-10 inhibits mammalian target of rapamycin (mTOR) activity, leading to the induction of mitophagy to eliminate damaged mitochondria. 128 In the absence of IL-10 signaling, response. 129 Hence, GCN2-mediated autophagy is involved in the maintenance of intestinal homeostasis.
| Anti-microbial response and autophagy deficiency
The activation of the non-canonical inflammasome by cytosolic LPS induces pyroptosis and production of IL-1α, IL-1β, and IL-18 in myeloid cells, such as macrophages. 78, 130 During an infection with Gramnegative bacteria such as Salmonella typhimurium, Vibrio cholera, and
Enterobacter cloacae, a cluster of small interferon-inducible GTPases known as guanylate-binding proteins are recruited into the surface of bacteria-containing phagosomes, which causes membrane rupture. tuberculosis-infected macrophages, autophagy deficiency causes elevation of ROS levels and enhances the release of IL-1α. 134 The F I G U R E 4 Autophagy suppresses non-canonical inflammasome activation. Phagocytosis of Gram-negative bacteria leads to phagosomal rupture by GBPs, resulting in the leakage of LPS into the cytosol. Cytosolic LPS stimulates the non-canonical inflammasome to release IL-1α, IL-1β, and IL-18. Autophagy adapter NDP52 senses ubiquitin chains and galectin-8 in ruptured bacteria-containing phagosomes and promotes autophagy. Elimination of damaged phagosomes by autophagy suppresses the aberrant activation of the non-canonical inflammasome to prevent endotoxin shock aberrant IL-1α release induces potent Th17 cell response, resulting in lung tissue damage. Thus, autophagy suppresses IL-1α release to protect hosts from harmful inflammation during M. tuberculosis infection.
| Sterile inflammation and autophagy deficiency
The aberrant inflammasome activation causes inflammatory diseases.
Deficiency of autophagy leads to the progression of hepatic inflammation, leading to development of liver fibrosis and hepatocarcinogenesis. 135 46 and may enhance activation of the NLRP3-inflammasome.
| CONCLUSION AND FUTURE DIRECTIONS
Basal autophagy deficiency also causes accumulation of p62 and may indirectly enhance release of IL-1 family members by promoting the activation of Nrf2, a transcription factor involved in regulating the NLRP3-inflammasome. 49, 52, 53, 145, 146 Therefore, further studies are needed to elucidate the precise mechanisms underlying aberrant inflammatory responses caused by autophagy deficiency.
A growing body of evidence indicates that compromised autophagy causes aberrant activation of the inflammasomes, leading to the development of inflammatory diseases, such as colitis, sepsis, diabetes, pneumonia, and atherosclerosis. 11, [104] [105] [106] 129, 141, 143 Therefore, enhancement of autophagic activity is a potential approach for managing inflammatory diseases. A hypocaloric diet is known to be effective for inducing autophagy. 147 Alternatively, chemical compounds such as rapamycin, AICAR, resveratrol, celastrol, ezetimibe, and polyunsaturated fatty acids, are known to induce autophagy. 105, [148] [149] [150] [151] [152] Although a hypocaloric diet and these compounds regulate not only autophagy but also various cellular responses, they are reported to ameliorate inflammation. [150] [151] [152] [153] [154] [155] Thus, pharmacological modulation of autophagy may provide a potential therapy for inflammasome-related diseases.
It would be interesting to develop specific inducers of autophagy and evaluate their therapeutic effects on inflammasome-related diseases. 
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